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By Irene SXnger-Bredt, ** DGRR

Abstract. In some fields of technical application--in particular with

ballistic missiles of extremely long ranges--it would be desirable to em-

ploy a working medium, contained in a tank, with an energy higher by sev-

eral orders of magnitude than has hitherto been available with steam boilers,

and thereupon, to accelerate this working medium, possessing a very high

enthalpy, by expansion in a Laval-type nozzle to the highest exhaust velocity

possible. The technical difficulties inherent in this probiem do not only con-

sist of heating a suitable working medium to a sufficiently high enthalpy, but

are even more to be found in controlling such high gas enthalpies with the

tank walls exposed to the incandescent gas.

Under these aspects, hydrogen and water vapor have been investigated as

to their applicability as working fluids.

Enthalpy-entropy diagrams have been computed for either gas, with

complete regard to dissociation, as well as ionization, over the pressure

range between i0 +L and I0 -satin, and within the temperature range between

500 and 10,000"K. Therefrom, the exhaust velocities possible for water, or

*"Die Eigenschaften yon Wasserstoff und Wasser als Arbeitsgase fi_r

kernenergetisch beheizte Raketentriebwerke." Astronautica Acta,

vol. III, no. 4, 1957, pp. 241-280. (Adapted from a paper read at the

8th Annual Plenary Convention of the German Society for Rocket

Engineering and Space Travel (DGRR) at Stuttgart, Nov. 22-24, 1956. )

**Research Institute for Jet-Propulsion Physics, Inc., Stuttgart Airport,

Federal Republic of Germany.
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water vapor, have been derived and compared with one another, with suitable

supplies of energy, and on the assumption of equilibriurn ratios, at various

pressure gradients in the nozzles. The influence of the specific heats of

mixtures and the mean molecular weights, on the exhaust velocities attain-

able--before and after heating--have been shown in numerical examples for

hydrogen, water, and helium. On the strength of the findings, additional

hydrides of light elements have been examined as to their applicability as

working fluids and among these, boron (III)-hydride, as well as methane,

are recommended for more detailed computation.

In addition to the exhaust velocities, the heat transfers to the combus-

tion chamber walls, occurring with equilibrium ratios, have been examined

by way of comparisons of hydrogen, water, and helium, using parameters

introduced earlier.

The influence exerted by non-equilibrium processes on heating and ex-

pansion has been discussed. First, three characteristic, hypothetical limiting

cases of incomplete equilibrium setting are examinedj :omparatively. The

kinetic energies obtainable in all three cases in the nozzle exit, with equal

thermodynamic initial conditions in the combustion cha_nber, are compara-

tively computed with hydrogen and water. Thence, the t,robable extent and the

form taken by divergencies from the energy equilibriu.r:_, that must actually

be taken into account, when a working fluid is heated by means of an external

energy source, have been considered.

In particular, three methods of heating a working fluid have been inves-

tigated, namely fission reactors, arcs and fusion react,_rs. Thereby the pos-

sibility arises that, when low-grade energy working fluids are blended with

high-grade energy elementary particles, a special type of divergence from

equilibrium may be important--this type of divergence being characterized

through an overpopulation of the degree of freedom of i_nization within the

combustion chamber. The enthalpy bound by this process is, during dis-

charge, probably convertible into kinetic energy but to _ very small degree.

Terms have been developed, representing this "primary" ionization of the

working fluid, and the accompanying loss of enthalpy, as functions of the

ionization energy of this working fluid, of the mass ratio of working fluid

particles and energy carrier particles, as well as of the numerical ratio of

either type of particle--with known temperatures of the combustion chamber

and kinetic energies of the projectile particles. The ranges of energy and



mixture, in which lossesthroughprimary ionizationare important, have
beenindicatedthroughthe exampleof the heating-upof Hi or HIOby means
of bombardmentwith electronsor a-particles. By means of the basic

rocket equation the number of energy carriers to be supplied to the working

fluid per unit time has been computed for the above examples--this number

guaranteeing a definite thrust, or a definite, required, exhaust velocity of

the rocket.

I. The Concept of Working Gas and

its Function in Rocket Motors

In certain practical fields of application, and particularly in those con-

cerned with rockets designed for extremely long ranges, it would be advan-

tageous to endow a chambered working medium with an energy higher by

several orders of magnitude than any hitherto attainable with steam boilers,

in order subsequently to accelerate this ultra-high-enthalpy medium to the

highest possible exhaust velocity by expansion through a Laval nozzle. Prac-

tical executions of this scheme will be attended not only by the technical

difficulties which arise in heating an appropriate working medium to suffi-

ciently high enthalpy, but also by the more serious problem presented by

the control of heat transfer from the combustion gas to the chamber fire-

wall at this high enthalpy.

An earlier investigation [18J has shown that these difficulties impose

an upper limit upon the magnitude of energy concentrations controllable in

rocket applications, and that this limit probably occurs at some level beyond

the 104kcal/kg-order of magnitude attainable in classical combustion proc-

esses (the _atomic-shell" reactions), but several orders below those of the

yields obtained in nuclear ¥eactions.

In order to exploit the range of energy concentrations between those of

the classical, medium-exhaust-velocity combustion rockets and those of the

purely nuclear vehicles, which are currently uncontrollable in practice, it

has been proposed that the incandescent gaseous plasma produced in nuclear

fusion or in electric-arc heating, or the electron gas evolved in beta-

disintegration processes, or some other feasible energy concentrate con-

sisting of particles of inherently high mass-specific energy h E and negligibly
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small mass m=nE'm E-henceforth designated collectively as the "energy

carrier"--be diluted in the rocket by admixture of a "mass carrier" having

the large total mass M=nA-m A coupled with a negligibly low energy con-

tent h A to produce the chamber enthalpy

h 0 (m • hE + M • hA)/(m + M) = m . hE= m+M
(l)

which lies just within the controllable limit. At a combined-mass ratio

K--n E.mE/n A'm A between energy carrier and mass <artier, the ratio

hE/h 0 of undiluted enthalpy to chamber enthalpy becomes (K + I)/K. The

chamber enthalpy h 0 per unit mass of the incandescent gaseous

mixture is the sum of the component enthalpies of the energy- and mass

carriers: h 0= (K h0(E)+ h0(A)) /(K+I). In this relationship, h0(E) denotes

the energy carrier enthalpy per unit mass of the energy carrier and h0(A)

the mass-carrier enthalpy per unit mass of the mass c_rrier after

mixing. Neglecting the mass of the energy carrier, we may write K = 0 and

h 0=h0(A). The mass carrier is referred to as the"working gas." The term

"thermal-atomic rocket* has entrenched itself in usage as applying to vehi-

cles powered in the manner just described. A more appropriate" and more

generally applicable term might be "indirect-drive" rocket, since the

essential difference between the purely chemicaLly-fueled and purely

nuclear-powered rockets on the one hand and those employing an injected

gas which does not participate in the production of ene-gy on the other con-

aists in the fact that the energy-and mass carriers are no longer identical

in the latter. Thus there no longer exists any fixed reLttionship between the

nature of the working gas and the energy with which it .'nay be supplied, since

the ratio in which energy carrier and mass carrier are combined may be

varied at will.

It will be obvious that the above reasoning is not limited in its applica-

tion to rockets, but is equally valid for jet-propulsion _;ystems in which the

entire supply of energy- and mass carriers is not carried on board--e.g.,

for ramjets.

Since optimal operating conditions such as chamber pressure, tempera-

ture, etc. for indirectly-driven rockets will differ markedly--in consequence

of the added opportunity for variation inherent in their design--from those



for rockets whosethermal capacitiesare functions of thefuel usedand
independentof state, studiesof the thermodynamicbehavior of various
working gasesandthe optimal operatingconditionsunderwhich tl_eypro-
duce the highest possible exhaust velocity with a minimum transfer of heat

will be a prerequisite to the development of any motor of this type. The

paramount significance of exhaust velocity in determining the performance

of a rocket in flight is assumed to be a familiar matter [11, 19].

For the purposes of these introductory studies, we shall make certain

basic as sumptions-- simplifying and/or restrictive--which will probably be

inadmissible or imperfectly valid for some applications yet to arise. They

are as follows:

1. Postulating an indefinitely large source of energy embodied in a

vanishingly small mass and immediate, continuous transfer of energy from

this source to the working gas, we consider only "natural" working gases--

i.e., homogeneous chemical compounds formed stoichiometrically from

atoms of the various elements and their isotopes and stable under normal

terrestrial conditions, and not mixtures of isotopes of atoms, subatomic

particles, and photons such as might, for example, issue from a reactor;

2. We require, for the present, that only equilibrium states prevail in

combustion chamber and expansion nozzle, and assume, in addition, homo-

geneous pressure- and temperature distribution in the combustion chamber

and in any cross-section of the nozzle as an aspect of a uni-dimensional,

isentropic exhaust flow which is not subject to energy losses by friction or

radiation.

The first-named restriction signifies, in practical terms, that the mass

of the energy carrier is neglected. One reason for this is that in considera-

tion of the actual mixture of energy- and mass carriers, the number of

possible combinations of energy carrier, mass carrier and mixture ratio--

i.e., the number of different mixtures to be studied--would become exceed-

ingly large; another consists in the fact that the temperature of such a

mixture would be largely determined at any given pressure, thus restricting

in advance the experimental manipulation of variables of state which would

be undertaken with a view to determining optimal operating conditions. Fur-

thermore, such comprehensive treatment would necessitate digressions into

technical details, prominent among which would be the mechanism of energy
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transfer from the energy source to the working gas. We shall not wish to

commit ourselves with respect to these matters until the results of funda-

mental research provide more stable bases for such commitments.

For similar reasons, the following investigations will be concerned only

with the case of homogeneous pressure and temperature distribution, which,

due to its high heat-transfer rate, represents the most unfavorable conditions

from a technical view; thus we avoid consideration of special techniques for

artificial dynamic cooling at the outset, together with _reatment of boundary-

layer formation and the particular laws governing three-dimensional flow in

the nozzle. On the other hand, the deviations from overall energy equilibrium--

the nature and scale of which are likewise determined extensively by the energy-

transfer mechanism and the construction design of the rocket--shall not be entirely

disregarded. In a special chapter following the investigations for instantaneous

establishment of equilibrium the direction in which relaxation of individual degrees

of freedom asserts itself is tentatively determined by _tudy of extreme hypothet-

ical limiting cases.

Emphasis must be placed upon the fact that not on.y the assumption of

homogeneous pressure and temperature distribution specifies a most un-

favorable case - for the reasons given above - but tha_ also our neglect

of the mass of the injected energy-carrier particles with their extremely

low gram-molecular weights will at least reduce the total kinetic energy

recovered at the end of the exhaust nozzle.

II. Heating of Hydrogen and Water at Equ.libriurn

and Constant Pressure; Exit Velocities

Attainable in the Expansion Nozzle_

Of the substances which appear technically interesting as working gases,

we select hydrogen and water for more detailed study.

These two substances were studied in the pressur,: range between 10 +I

and 10 -5 atmospheres and at temperatures ranging up to iO,O00°K, assuming

ideal-gas behavior. The components HzOz, 03, HzO, Oz, H2, OH, O, H, O +,

i-I +. and e- were taken into account in computing concer_trations in the working

gas during its dissociation and ionization. A rough estimate indicated that the

O- concentration could be neglected. The concentrations of the ionized
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molecu2es Oz +, Oz-, Hz +, and OH + were also omitted from consideration,

since ionization is detectible before completion of dissociation only at pres-

sures above 10 +l atmospheres. Further particulars concerning the compu-

I_ations--e g., the partition functions employed and other thermochemical

data--are the subject of a projected separate paper [21].

Fig. 1 shows as a result of these calculations curves for the degrees of

dissociation and ionization of hydrogen and water vapor as functions of tem-

perature and pressure. The degrees of dissociation and ionization of different

working gases at the same temperature and pressure depend, of course, on

the number, character, and atomic balance of the components in question, on

the equilibrium cycles in which they may participate, and on their molar free

enthalpies. In this presentation, the degree of dissociation or ionization is

equivalent to the ratio of the sum of the partial pressures of all dissociation-

or ionization products to the total prevailing pressure.-i, e.,

+)/( i - nil+ - nil2DH 2 = (PH + PH P - Pe-) = i - nH+ (2)

or

DH20 = (PH 2 + PH + PH+ + P0H + PO 2 + P0 + P0 + + P03

= (! -mH+- n0+- nH20)/(l- nil+- n0+ )

and (after complete dissociation),

JH2 = (PH+ + Pe-)/P = i - nH

JH20 = (PH+ + P0 + + Pe0/P = I - nH- n0

(4)

According to this definition, the degree of dissociation of HzO at the onset of

dissociation as shown in Fig. 1 is several times as high as that of H 2 and when

the variables of state are identical for both gases, since the dissociation of

HzO into H a and O z begins earlier--i.e., at lower temperatures or higher

pressures--than the decomposition of H z into H. This discrepancy diminishes

gradually as the degrees of dissociation increase, since both values tend

naturally to converge toward unity.
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The degree of ionization of HzO is less than I% lower than that of Hz

throughout the range of states studied, since the l:Z ratio of oxygen atoms

present in water in addition to hydrogen is characterized b 7 an only slightly

higher ionization energy.

Fig. 2 represents values for the average molecular weights of the two

working media in question as functions of pressure and temperature, as ob-

tained on the basis of the calculated component concentrations. In addition

to absolute values of the molecular weights, the figure includes curves rep-

resenting the square root of the ratio of the mass of water vapor to that of

hydrogen as related to temperature and pressure. This quantity is an impor-

tant factor to be considered in predicting the exhaust velocities attainable in

rockets using these working media. In cases in which either of these working

gases is completely dissociated, this ratio CMHzo/MH_ = 2.441, and ap-

proaches its maximum, Z.989, at lower temperatures, attaining the latter

figure when dissociation is completely suppressed. Due to the delay of
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dissociation in Hz with respect to that of HzOma phenomenon discernible in

Fig. l_the ratio _MHz C/MHz may easily drop below the lower converg-

ence value 2.441 for a short time in a range of states in which HzO has just

completed dissociation, remaining there u_ntil Hz-dissoeiation has also gone

to completion. This scene is repeated once again in the range of the first
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ionization stage, the convergence value remaining ident cal with that pre-

vailing after completion of dissociation.

Figs. 3 and 4 are enthalpy-entropy diagrams containing isobars for

pressures between 10 +l and 10 -s atmosphere and isotherms for tempera-

tures between 500 and 10,000°K. The enthalpy-entropy ,iiagram of Fig. 3,

which was originally published several years ago [18] and is reproduced

here only for purposes of comparison, applies to hydro_ien; Fig. 4 gives

the curves for water vapor. To give an indication of the upper limits of

attainable exhaust velocity applying to direct-propulsio_L rockets in which

hydrogen or water vapor serves as the mass carrier, the constant heating

enthalpies which would be attainable in the rocket's chamber through a
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chemical reaction of maximal exothermal character leading to the formation

of the mass carrier concerned are entered as dotted lines in the enthalpy-

entropy diagrams. In the two cases under consideration here, these heat

changes are those occurring in the recombination of rnonatomic hydrogen

to form Ha (51,210 kcal/kp) and in the formation of water vapor from H z

and Oz or from 2H and O (3,170 or IZ,180 kcal/kp, respectively).
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The maximum exit velocities attained in the nozz._e by this classical,

fuel-conditioned chemical heating procedure show the usual uniform rate of

increase as chamber pressure is elevated. For examrle, at p0=10 atmos-

pheres and an expansion ratio of I00: i,

w m = 14,265 m/sec for hydrogen rockets, and

w m = 4,480 or 6,650 m/sec for water-vapor r, Jckets of th_ tvr.

In other words, the exhaust velocity of the hydrogen rocket is, in this

case, about 3.2 to 2.1 times that of the other type, depending on whether a
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molecular or atomic stoichiometric hydrogen-oxygen mixture undergoes

combustion to form the water vapor in the latter. It is also probable that the

exhaust velocities attainable by complete recombination on monatomic hydro-

gen in a rocket are the highest to be achieved by any classical a tomic-shell

reaction. It must be noted in this connection that the instability of monatomic

hydrogen has thus far prevented the materialization of any rocket design of

this type. It is generally known that the exhaust velocities of liquid-fueled

rockets in current use--e g., the V-2 and the Viking--lie between 2000 and

2500 m/sec.
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Figs. 5 and 6 indicate, as functions of chamber pressure, the exhaust

velocities theoretically attainable at various temperature levels in hydrogen-

and water-vapor rockets employing independent energy sources, assuming

equilibrium conditions, isentropic exhaust flow, and expansion gradients

P0/Pm in the nozzle of 10 and 100. The shapes of the isotherms entered at

thousand-degree intervals between 1000 and 10,000°K show local maxima

and a general tendency to rise in the direction of lower chamber pressures.

At a chamber pressure of 10 -3 atmosphere, an equilibrium temperature of

10,000°K and an expansion gradient of 100: 1, the hydrogen rocket's exhaust

velocity of 29,900 m/sec is 2.40 times that of the corresponding water-vapor

rocket. An overall comparison of the two working gases on the basis of the

dotted curve of Fig. _ will show that the differences in Attainable exhaust

velocity--with the thermodynamic variables of state eq_lal in both cases--

are largely a reflection of the differing average molecular weights of the

two gases under the conditions which originally prevail in the chamber.

Within our margins of mathematical error, the ratio of the exhaust

velocities of these two working gases beyond about 400f°K remains prac-

ticaUy equal to th& square_root of the reciprocal ratio c.f the corresponding

molecular weights. At temperatures below 4000°K--i.e., in the range of

steep dissociation gradients--the ratio of exhaust velocities wmHz/WmHz O

is characteristically somewhat smaller than the reciprocal ratio of the

roots of the molecular weights; this discrepancy becomes more pronounced

--at equal initial chamber pressures--as the nozzle-pressure gradient is

amplified. In this temperature range, the superiority o:" hydrogen with

respect to exhaust velocity is gradually reduced as the expansion gradient

in the nozzle increases at constant chamber pressure, lue to the earlier

onset of dissociation in water. With a view to defining the influence exerted

upon exhaust velocity by these secondary variables--namely, the molar spe-

cific heats of combination X niHi/T --more sharply t_an was possible by
i

comparison of the highly similar dissociation and ioniz_Ltion curves of water

vapor and hydrogen, the graph presented in Fig. 7 as a_ analog to Figs. 5

and 6 shows the exhaust velocities attainable using heli_ma as a working

gas with chamber pressures between 10 -_ and 10 +1 atrr:ospheres and tem-

peratures ranging from 1000 to 10,000°K. Since the degree of ionization of

helium does not exceed 0.2% even in the least favorable corner of this range--
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lishment of equilibrium is assumed.

at 10,000°K and 10-3atmospheres--it behaves as a purely monatomic gas

with a constant molar specific heat of 5/Z-AR in the remainder of the range,

and produces exhaust velocities independent of the absolute chamber pres-

sure P0- Comparison of the numerical exhaust-velocity values for helium

(a velocity Wm of only 9350 m/sec is attained with the chamber variables

10 -3 atmosphere and 10,000°K) with the corresponding figures for hydrogen

(29,900 or 12,480 m/sec) shows that helium maintains exactly that position

with respect to hydrogen and water vapor which its molecular weight dic-

tates-namely, a position between hydrogen and water at low temperatures

and a position beyond these substances at elevated temperatures--but that the

actual exhaust-velocity figures are generally lower than the ratio of mole-

cu/ar weights would otherwise indicate. This is a consequence of the fact

that given equal initial temperatures and pressures in the chamber, helium

wiU, at this point, possess the lowest molar specific heat--i.e., the lowest

potential enthalpy; moreover, only translational energy is liberated during

expansion in the nozzle, since no contribution to the kinetic energy of the

exhaust flow is made by molecular vibrational or rotational components
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or released in recombinations from dissociated and io_ized states.

We may nevertheless make the general statement ".hat the ratio of their

average molecular weights is the prime factor in determining the relative

ability of working gases to produce high exhaust velocities in reaction-

thrust motors; here, we refer not so much to the ratio in the normal, un-

dissociated state of the medium which obtains prior to heating as to the

ratio after dissociation or ionization is completed--or, in cases where the

gases under comparative study dissociate or ionize in widely separated

ranges of state, that of an ivtermediate condition. The molar enthalpy re-

quired for the attainment of a certain temperature level or a certain degree

of decomposition is of only secondary importance as a_. indicator of possible

exhaust velocity, and then on a much more modest scale.

III. Condensed Comparative Survey of Other Potential

Working Gases, with Emphasis on

Hydrogen Compounas of Light Elemerts.

The average molecular weights of certain compotu ds of light elements

which may, under certain circumstances, be of interes_ as working gases

are assembled in Table 1 for the purposes of the present discussion. To

facilitate comparison, the absolute weight is followed i_x each instance by

the value referred to that of hydrogen (in parentheses). Finally, the table

contains the boiling points ('K at 760 ram) of the sub_tance listed,

insofar as these values have been definitely establishec.

It will be evident that these figures possess genuine value for compara-

tive purposes only in the event that the energy states denoted by the column

headings occur in approximately the same thermodynar_ic range of states

for all of the gases compared. These must also be attained at temperatures

and pressures which fall within the limits of practical ,:ontrollability. This

last condition comes to the fore as the level of continuous recombination

emission rises in areas of advanced ionization. The Sul,plementary Table 2

therefore presents a survey of the reaction heats [10] inkcal/kmole re-

quired to accomplish complete dissociation of the coml:_ared gases a!:

standard temperature of 25"C, as well as for the first and second ioniza-

tions of their component atoms, since it may be assumed as a coarse
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Averagemolecular weightM
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3.974 (3.942)

5.011 (4.971)

3.461 (3.434)

3.208 (3.183)

4.258 (4.224)

6.005 (5.958)

LO.O04 (9.925)

i.987

2.505

1.731

1.604

2.129

3.003

5.002

(1 .ooo)

(2.647)

(3.154)

(3.977)

(3.052)

(2.894)

(3.755)

(5.107)

(7.940)

approximation that the temperatures at the start and completion of an endo-

thermal decomposition process will increase with higher reaction enthalpies.

These values give a true indication of the order in which the comple-

tions of the individual decomposition processes occur along the ascending

temperature scale only when certain restrictions are applied: namely, only

in cases where decomposition does not occur in stages--as it usually does

in dissociations of molecules consisting of more than two atoms--and where no

different decomposition processes proceed concurrently, as in the ionization of

the various dissociation products of a molecule. This disqualifies as directly

comparable gases all those listed with the exceptions of hydrogen and helium;

for the other substances, only an exact calculation could determine the extent

to which the low average molecular weights of the dissociation- and ioniza-

tion products in the rocket could actually be utilized to sustain exhaust veloc-

ity, and the thermodynamic range of states in which they would be effective.

Values in kcal/kp (decomposition product) for the global heats of reac-

tion from the normal state to the degree of decomposition specified for any

process may be derived from Tables 1 and 2 independently of the tempera-

ture and pressure at which the process in question reaches completion.
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TABLE 2

Reaction

H, -- 2H

LiHGa s --4- LiGa s +H

BeHGa s -- BeGa s +H

B,H6_2BGa s + 6H

GI-I_ _ CGa s + 4H

NH3 _ N + 3H

HzO _ O + 2H

HF-.- F + H

Heat. of

reaction

E0 (kcal /

kmole)

104 178

58 459

5O 619

358 167

397 943

Z5Z 872

221 135

134 589

Reaction

H -- H +

He -- He +

Li -- Li +

Be -- Be +

B --B +

C --C +

N --N +

0 --0 +

F -- F +

Heat of
reaction

E o (kcal/
kmole)

314 999

568 340

125 790

216 419

192 800

Z59 950

336 913

315 500

403 250

Reaction

B

He -- He ++

Li --* Li ++

Be -- Be ++

B -- B ++

C -- C ++

N -- N ++

0 -- 0 ++

F -- F ++

Heat of

reaction

E 0 (kcal/

kmole)

1 824 440

1 871 130

637 763

774 Z60

823 583

1 0Z 1 145

1 127 465

1 211 380

TABLE 3

Global heats of reaction in kcal/kp and theoretical

exhaust velocity in m/sec
Work -

ing after completion after completion
after complete of first of second

gas dis sociation ionization ionization

H2

He

LiH

BeH

BzHs

CH4

NH3

HzO

HF

.%= 103 351 Wth----(29 400)

- ( - )

14 710 (11 100)

Io ioz (9 zoo)

103 487 (29 400)

IZ4 047 (32 200)

59 387 (2Z 300)

36 825 (17 500)

13 453 (10 600)

1 456 698 (II0 000)

283 957 (48 700)

z51 z57 (45 800)

232 350 (44 I00)

1 521 526 (112 800)

1 195 691 (I00 000)

720 893 (77 600)

388 489 (57 000)

170 499 (37 800)

- { - )

i 367 646 (107 000)

i 411 691 (108 700)

500 689 (64 700)

Z 468 583 (143 800)

1 702 000 (119 400)

1 17Z 840 (99 100)

768 686 (80 200)

415 034 (58 900)
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From these values--neglecting, of course, the difference between the ther-

mal enthalpies of the initial reacting substances and their products, and

assuming complete transformation of the chemical potential energy of the

dissociated or ionized working gas into kinetic energy--we may obtain, in

turn, the so-called _theoretical" exhaust velocities Wth. These reaction

heats are assembled, together with the corresponding velocity figures, in

Table 3.

All three tables confirm the indisputable superiority of hydrogen over

aLl other working gases and in all thermodynamic ranges as regards attain-

able exhaust velocity. It is probable, in addition, that complete ionization is

achieved earlier in hydrogen than in any other gas, and therefore that it

reaches an emission-free condition at a relatively low temperature (aside

from the nuclear emission which appears at temperatures beyond 107*K).

This temperature may, for example, occur as low as 20,000°K at a gas pres-

sure of 10-3atmospheres, and not exceed 50,000°K at 10 atmospheres. The

figures given in the second and third columns of the tables for working gases

having more than two electrons in their atomic shells are probably only of

academic significance, due to the high level of recombination emission

throughout the entire ionization range.

We may summarize as follows: desirable working gases will be com-

pounds formed from the maximum possible number of atoms of light ele-

ments, having as large a hydrogen content as possible and the highest possi-

ble molar heat of decomposition. Assuming that the high heating enthalpy

required for decomposition is available in unlimited and sufficiently _cheap"

supply, gases such as these will produce the highest possible exhaust veloc-

ities in the rocket, since their exhaust-gas enthalpies per unit mass in the

chamber (h0) are maximal in consequence of their high molar enthalpy values

and their low mean molecular weights in a state of dissociation, and their

enthalpies at the nozzle opening (hm)--at lower temperatures and correspondingly

lower degrees of dissociation-are minimal in consequence of the great dissocia-

tion heats thus liberated and the concurrently increased molecular weights,

with the result that the difference (h0-hm) between these two enthalpies

which is converted into the kinetic energy of the jet is correspondingly large.

Water, with an average molecular weight 9 to 5 times as great as that of

hydrogen in all temperature ranges, assumes a relatively unfavorable posi-

t/on in the tabulation of potential working gases; this status will probably not
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TABLE 4

"-Particle

-Particle

Deuteron

Neutron

Proton

Triton

a=_He

13_--e- or e+

dm_H

n_ _n

p_-- [H

t_----_H

M E -- 4. 002 76

M E = 0.000 549

M E ----2.014 19

M E = 1.008 98

M E = I.007 59

M E -----3.025 56

admit of improvement, since water vapor is characterized by high levels of

incandescent emission in all temperature ranges and an unmanageable degree

of heat transfer to the chamber firewalls. Boron (I-[I) hydride and methane,

on the other hand, theoretically approach the performa_tce of hydrogen in

certain thermodynamic ranges of state, and it might th,._refore be profitable

to undertake exact calculation of the enthalpy-entropy c iagrams of these

two substances.

Finally, we should not overlook the fact that in certain energizing pro-

cedures involving direct bombardment of the cold working medium by high-

energy subatomic particles, the average molecular weight M F of the exhaust gas

may be influenced, undez the proper conditions, by adnixture of such

particles. The species, symbolic designations, and mo.ecular weights of

these particles are given in Table 4. With the exceptio• of the neutron, the

list contains only stable particles whose masses at rest differ from zero.

On the basis of the definition formula

nEM E +nAM A

nE + n A

and the relationship (1) pointed out at the beginning of 1his article, the rela-

tionship between the average molecular weight M F of tae exhaust gas--after mix-

ing with the lighter particles having the molecular weight ME--and the

average molecular weight M A of the working medium rnay be represented

by the equation
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MF _ MA . i
+ (MA/ME - 1] olhE

As this formula indicates, it is advantageous from the point of view of achiev-

ing the lowest possible value for M F to heat to the desired chamber enthalpy

h 0 by means of bombardment with the greatest possible number of a particle

species having minimal weight and an energy just slightly greater than h 0. A

rough numerical calculation will show that bombardment with neutrons,

protons, deuterons, tritons, or alpha-particles from nuclear fusion reactions

will hardly affect the average molecular weight of the working gas, due to

the small number of particles n E necessary per mole of working medium at

the high energy ratio h E/h 0. The bombardment of hydrogen gas with alpha-

particles, for example, might, in theory, even lead to a slight increase in the

average molecular weight after mixing. The bombardment of heavy working

gases with relatively slow-moving electrons presents a totally different

picture. With M A--_ i0, M E=5.5. 10 -4 , and h0/h E_ 10 -3 , for example,

M F -- MA/19.2 --a reduction of the average molecuiar weight to about a

twentieth of its value prior to mixing and, judging from previous experience

an indication of a more than fourfold increase in exhaust velocity.

IV. Heat-Transfer Characteristics of Hydrogen,

Water, and Helium to the Firewall

under Equilibrium Conditions.

As mentioned at the outset of this study, the difficulty encountered in

development of thermal-atomic rockets lies not only in the attainment of the

highest possible exhaust velocity at the nozzle, but principally in finding a

means of controlling the accompanying transfer of large quantities of heat

from the exhaust gas to the inner walls of the exhaust duct. We therefore pro-

ceed to an investigation of the heat-transfer phenomena which arise with the

gases of our selected group under the same sets of thermodynamic condi-

tions applied in previous discussions. It will be sufficient here, for purposes

of comparison, to consider only the dynamics of the pressure chamber at

negligibly low flow velocities. It will be remembered that any transfer of

heat takes place via two routes, each of which is governed by its own

peculiar set ¢_f laws and therefore requires separate treatment--namely,

convection and radiation.
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The derivation of the convection product as a meas;ure of convective

heat transfer has been discussed in an earlier article [18]. We repeat here

only the essential conclusion that the so=called "convection product" (yWh)

is that of the factors represented in the molecular enthalpy (yh/N) of the

individual gas particle and the frequency (N "W) of its collisions with the

chamber wall, and therefore does in fact constitute a measure of the energy

transported to the wall surface per unit time. Of the symbols used, y denotes

the specific gravity of the exhaust gas, h its enthalpy per kilogram, _ the average

translation velocity of the gas molecules and N their number per unit volume.

if the chamber contains a reacting mixture instead of a homogeneous gas,

the convection product must accordingly first be calculated for each individ-

ual gas component and the sum

formed from the various partial transported energies; _:he product

of the sums of partial values for y, W, and hwould be incorrect.

The questions remaining open at this point are concerned with whether

all particles which strike the wall also relinquish all of their thermal and

chemical energy to it at once, whether they still retain their full chamber

enthalpies in the vicinity of the wall in the first place, and, in the case of

several recomb:nation alternatives, with the types of p( rcentages of parti-

cles which enter a specific recombination at the wall, Liberating the chem-

ical enthalp7 characteristic of this recombination. If more information were

available concerning the laws which govern this gas-kiretic mechanism,

which might possibly yield to experimental studies employing molecular

rays, we would not only be in a position to indicate exact values for convec-

tive transfers of heat, but mightalso be enabled, under :ertain circum=

stances, to control these transfers--for example, by err:ploying anticatalytic

agents to poison the chamber wails for highly exothermil recombination

reactions, as has already been attempted in the case of recombination of

monatomic hydrogen--here, by charging the chamber wills with gaseous

HzO or O z or with syrupy phosphoric acid [7].

As in the calculation of exhaust velocities, it was assumed for the sake

of simplification of the convection-product calcnlation (¢he result of which

/
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does not pretend to be more than a parameter having purely comparative

vahe) that the energy exchange between the gas particle and the surface of

the wall is complete and instantaneous, and that the distribution of energy

in the pressure chamber, including the marginal layers thereof, is perfectly

homogeneous. The following model presentation was also applied: the fire-

wall of the chamber is assumed to possess a characteristic enthalpy vanish-

ingly small compared to that of the exhaust gas, with the result that every parti-

cle which collides with it will, under equilibrium conditions, immediately

relinquish its entire thermal enthalpy to the wall. The colliding gas particle

is further assumed to remain in the surface of the wall for a period of time

sufficient to enable it to form--after colliding with a sufficient number of

the other gas particles in the wall, to which the energy of the reaction is

transmitted in each case--those compounds having the lowest relative

chemical potential--i.e., H z in the case of hydrogen, H20 in the case of

water, H20 and CO 2 in the case of oxygen-hydrocarbon mixtures, etc.

Dissociations which occur upon bombardment of the wall by very high-speed

particles and the accompanying loss of kinetic energy by the gas particles

is neglected, so that our final selection of a basis for uniform comparison

of aU working gases is the least favorable--i.e., the highest--value for heat

transfer to the wall.

These assumptions led to Fig. 8, which gives a logarithmic presenta-

tion of the convection products for hydrogen, helium, and water as functions

of various exhaust-gas temperatures and pressures. To provide an indication of

the significance to be attached to the numerical values implied by these

curves, the Figure also contains the convection product of 2.5 • 107 kcal/masec

as calculated for an ordinary oxygen-kerosene rocket and verified at the

Trauen Experimental Station over 15 years ago--a value whose component

convective and radiant heat transfers at 50 atmospheres combustion-gas

pressure and 3550°K were even then effectively controlled at constant levels

by means of forced-circulation water cooling. The convection products for

hydrogen, water, and helium in the thermodynamic range under considera-

tion-i.e., at pressures ranging up to 10 atmospheres and temperatures up

to 10,000°K--alI lie below this value.

For the rest, the most striking feature of Fig. 8 is the effect of absolute

exhaust-gas pressure on the convection product. As a consequence of this linear

pressure-dependency of the convection product, all working gases--given
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Fig. 8. Comparative presentation of ch;_mber
convective heat transfers for the working gases
hydrogen, water, and heliu_rn as functio]Ls of

temperature and pressure under equilibrium
conditions.

equally large convective heat transfers--will permit i_creasingly higher

exhaust ;-elocities as the pressure declines, since the exhaust velocities

themselves are either completely independent of pressure or, in the event

of indirect relationship to pressure via the molar specific heats, even
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increase on reduction of pressure. For the case of homogeneous, undisso-

ciated gases having constant specific heats, the maximum attainable exhaust

velocities vary according to the following relationship, Given equally large

chamber convection products:

here, (Cp) i are the molar specific heats of the two gases being compared

and P0/Pm is the nozzle pressure gradient, which has the same value for

both cases, Accordingly, at a constant rate of convective heat transfer to

the chamber walls, such a working gas will produce higher exhaust veloc=

ities with each decline in its chamber pressure and its molar specific heat,

irrespective of temperature and molecular weight. The assumption of

constant specific heats made above is valid, with most gases, only at rela-

tively high pressures and at such low temperatures that the absolute values

attainable for exhaust velocity, even under optimum conditions, are uninter=

esting. The mo_____qnatomic gases, which appear most attractive from this point

of view, and for which the above assumptions are valid all the way up to the

range in which ionization begins, permit exhaust velocities greater than

10,000 m/sec only at temperatures above 10,000"K where, for one thing,

the corresponding convection products already exceed l0 T kcal/mZsec and,

for another, the assumptions of homogeneity of the gas and constant specific

heats no longer have validity in the face of incipient ionization; moreover,

the convective heat transfers are complemented by radiant transfers, which

are proportional to functions of temperature rather than to the convection

product, if different working gases are compared not on the basis of equal

convection products, but at equal pressures and temperatures, it is readily

seen that the exhaust velocities follow approximately the formula

/_ while the convection products, on the other hand, vary as the

expression _[_, H_/V-_(]. Thus both values increase with increasing specific

heats and declining molecular weights, but at markedly different rates. It

may be stated that in general the preference for one working gas over another

is based not so much upon respect for a high exhaust velocity at equally high



convective heat transfers as on the mere assurance that a definite hSg, _,

exhaust velocity may be attainedmwith this gas and no other--in thermo-

dynamic ranges wldch allow some relief from radiation; correspondingly

higher convective heat transfers are accepted even thoughmunder the

assumptions which apply hereNthey can be tolerated only at the price of

reductions in chamber pressure.

Specifically, Fig. 8 shows that in the low-temperature range below

Z000°K, where only the small thermal components of the molar specific

heats have begun to asset themselves, the convection products and exhaust

velocities at equal temperatures and pressures increase in an almost

linear sense with declining molecular weights (i.e., in the order HzO- He -

Hz); here, therefore, according to the derivation given above for homo-

geneous gases with constant specific heats, helium delilers the relatively

most attractive exhaust velocity, referred to equally large conwectiwe heat

transfers, of all three gases under consideration, altho!.lgh its absolute

value is not particu.larly impressive. At high temperatures, at which the

molar specific heats of hydrogen and water increase in sharp contrast to

those of helium as a reflection of the dissociation heats absorbed, the actual

heat transfers from helium drop increasingly farther below those from

hydrogen and water as the temperature is elevated. The exhaust velocities

of helium, however, yield to those of water only at temperatures in excess

of 7000°K, so that helium would appear to promise higher velocities than

water, at lower heat transfers, in the range between 2000 and 7000°K.

Throughout this range, hydrogen leads both gases by a wide margin with

respect to both heat transfer and exhaust velocity. As _emperatures increase

and pressures decline still further--i.e., in the range in which ionization

begins to manifest itselfBthe convection-product curw s for water and

hydrogen approach one another more closely, and finally follow practically

coincident courses beyond the point at which the free-electron component

n e..H e. _ of the working gas, which, indeed, has consistently nearly

identical values for both substances at equal temperatures, becomes the pre-

dominant factor in determining the convection product. This is the case at

ionization degrees exceeding 35%. In these extreme ravages, therefore,

hydrogen--at equal temperatures and pressures and ew_n at equally large

convective heat transfers--appears capable of deliveril_g exhaust velocities

superior to those of water by a large factor primarily determined by the ratio
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of the average molecular weights. Helium may not be compared directly

with the other two working gases in this respect, since it reaches the cor-

responding degree of ionization only at considerably higher temperatures

or lower pressures than hydrogen and water. In the thermodynamic range

under consideration, the convection product for helium at equal tempera-

tures and pressures is smaller than those of the other two gases by one

order of magnitude, and its exhaust velocity as much as two thirds lower.

An earlier investigation, which was concerned only with hydrogen, em-

ployed temperature as a comparative measure for heat transfers by radia-

tion [18]. This parameter becomes inadequate when different working gases

as well as different thermodynamic ranges are to be compared, since the

coefficient by which the radiation level is related to a power of the tem-

perature-and even this power itself--can no longer be regarded as con-

stant. The specific radiation R= l_0(1-e -dn¢) ---Rodno- will therefore serve

as a measure for heat transfer by radiation in the present discussion. In

this relationship, R 0 is the specific radiation of a black body according to

the Stefan-Boltzmarm law, d is the thickness of the radiating layer (which,

in this case, may be considered equal for practical purposes to the mean

diameter of the chamber), n-_- p/kT refers to the number of gas particles

per unit volua-ne and cr to the mean effective optical cross-section. It was

assumed in this theoretical treatment that the temperature of the irradiated

wall surface is negligibly low.

Two fundamentally different types of radiation must be distinguished

in calculating the specific radiations of working gases under equilibrium

conditions:

1. The discontinuous emission of discrete wavelengths (lines or bands)

characteristic of specific substances, which reflects the quantized nature of

energy levels, and

2. The continuous recombination emission beyond the band edges which

arises upon recombination of ions and electrons or of dissociated molecules

with continuous velocity spectra.

The so-called resonance line emitted when an electron jumps from the

lowest possible excited state to the ground state, or the characteristic

temperature 0el = hc/(kk} _--- 1.44- 10-s/k associated with this resonance

line k, is characteristic of the energy level of the working gas above which
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For the energy levels at which recombination radiation is emitted, the

lolecu/ar heats of reaction _ of these recombinations, or their characteris-

ic temperatures 0io n --= E/k, are characteristic.

TABLE 5

Element

H

He

Li

Be

B

C

N

O

F

Resonance

line (]kE)

1 215.68

584.4

6 707.85

2 348.61

1 818.41

1 261.57

I 200.68

1 358.66

7 800.22

Characteristic

temperature for
lowe st excitation

level ('K)

118 100

245 700

21 400

61 100

79 000

113 800

119 600

105 700

18 4OO

Characteristic

temperature for
first ionization

('K)

158 500

280 006

Temperature

('K) at 99.9%
ionization at

10- 3 atmosphere

15 I00

Z4 400

63 300

108 900

97 000

130 800

169 5_)0

158 8:)0

202 9 )0

7 300

11 100

10 200

12 900

15 900

15 100

18 400

Numerical values for the resonance lines, characteristic electronic-

excitation temperatures, and the correspondingly high_;r characteristic tem-

peratures for simple ionization are assembled in Table 5 for a number of

light elements. Since the characteristic temperatures may be regarded only

as a convenient mathematical tool having temperature as their dimension,

the actual temperatures at which the ionization proces_ for the first shell

electron is 99.9T0 complete at 10-3atmospheres are givsn in an additional

column to provide more correct orientation. These were obtained by rough

calculation with the Saha equation.

While the discontinuous radiations of a number of working gases may be

negligibly small, their continuous recombination emissions acquire increased

aignificance as the atoms become more heavily charged, although this occurs

in a temperature range most of which lies above the IO,O00"K limit which we

have imposed.
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By way of providing a numerical example, the specific radiatio_ c f

hydrogen as a function of gas temperature is presented in Fig. 9 ;,;: ,atc_,-

lated for various chamber-gas pressures and a chamber diameter ef ,_.v, :

meter by a process developdd by E. Sanger [15]. Included in the c_-,::_gr_.m

i°e I
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Fig. 9. Specific radiation of hydrogen gas at equi-

libriurn as a function of temperature and pressure

in the chamber at a chamber diameter d =I00 cm.

as reference values are the possible maximum as given by black-body radia-

tion and the specific radiation of the oxygen-kerosene rocket mentioned

earlier as thermally quite controUable. It will be observed that radiation

begins to assume critical proportions at about 9000°K and I atmosphere in

a chamber of the diameter specified. However, at lower char_ber pressures
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which also permit better control of the convective transfer processes, the

correspondingly larger chamber cross-sections may be satisfactorily con-

trolled even at temperatures as high as 10,000°K.

Due to lack of data concerning the mean effective optical cross-

sections of pure helium and water vapor, it is not yet possible to prepare

analogous presentations for these two working gases. However, to judge

from the values listed in Table 5, helium probably produces only negligible

radiation in both the discontinuous and continuous ranges at the pressures

specified here and temperatures below 10,000"K. Water vapor, on the other

hand--as explained in greater detail in an earlier study by E. S_nger [IZ ],

should effect an appreciable heat-transfer volume even in the range of dis-

continuous emission. According to his figures, water radiates with an energy

equal to 41% of that of the black body at temperatures as low as 2000*K with

optically infinite layer thickness--i.e., at a rate of abo_tt 89 kcal/m z sec.

In consideration of its relatively low exhaust velocities coupled with

high levels of total heat transfer, water vapor would th_.refore appear

markedly inferior to hydrogen from a purely thermodynamic standpoint in

which it is assumed that equilibrium prevails. Helium might possibly be of

interest within a small range of temperatures just above 10,000*K, in which

it begins to undergo ionization.

V. The Influence of Non-EcLuilibrium Processes on

Exhaust-Velocity and Heat-Transfer Values and on the

Evaluation of the Various

Workin_ Gases.

The results of our investigations up to this point have all been obtained

on the basis of the assumption of immediate and complete adjustment to

equilibrium. It is, however, actuaUy quite uncertain

I. whether the energy-transfer 1_-techanism permits the working gas

to achieve perfect eqttilibriu_rn during its stay in the chamber;

2. whether, furthermore, the form of the nozzle permits immediate

adjustment, in all of its cross sections, of all of the degrees of freedom of

energy to the changing thermodynamic conditions durir_g expansion; and

finally
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3. whether the fire gas molecules in the vicinity of the chamber wall still pos-

sess energies as high as those in the center of the chamber, and whether these

energies are transferred completely to the wall by convection or radiation.

The following characteristics would be desirable from the viewpoint of

the application for which the motor is intended:

I. due to the maximal exit velocities--referred to equal gas tempera-

tures--which accompany it, energy equilibrium in the chamber [3], as well

as

2. subsequent isentropic expansion in the nozzle [2, 16], and

3. the sharpest possible energy gradient from the center of the flame

to the firewall, coupled with maximum elasticity in the rebound of the gas

molecule from the wall [13].

The foregoing calculations within the framework of the equilibrium

assumption therefore present the most favorable case from the viewpoint

of attainable exit velocities, but the least favorable with respect to convec-

tive heat transfers, if we conduct our comparison at the same chamber temper-

atures and if these temperatures are determined by the translational energy of the

combustion gas. For comparison of attainable exhaust velocities at constant cham-

ber enthalpy--as would be logical in the case of a direct chemical propulsion system,

the requirement that full energy equilibrium prevail in the chamber and in the

exhaust flow for the attainment of maximal exhaust velocity will by no means

generally apply [3]. Nor would such a comparison be particularly interest-

ing in the present study of indirect-propulsion systems, since these presup-

pose an energy source of virtually unlimited capacity, and the transfers of

heat by radiation--which become significant, for the most part, only at high

temperatures--are functions only of electron-excitation- and recombination

temperatures and not of the total enthalpy.

Since the calculations based upon the assumption of complete transfer

of energy at the boundary surfaces already yield the highest possible values

for convective exchange of heat--i.e., represent the least favorable case,

the quantitative effect of delay or suppression of energy exchange will not

be derived here; instead, we merely enumerate the various known means

by which the level of this heat transfer may be lowered at constant high

chamber enthalpies. First, this may be done by artificially producing a
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temperature gradient from the core of the chamberto _.hefirewall by means
of liquid [8] or gaseous [5] coolant films, by isolating the hot core of the

plasma from the firewall, as might be accomplished with the aid of magnetic

fields [I], etc., --or by any other means for artificial reduction of the enthalpy

fraction which reaches the firewall under equilibrium conditions; another

approach, however, involves elevation of the elastic reflection component

of the gas molecules at the wail, either by the use of chemical coatings

which produce an anticatalytic effect or by modifying the crystal structure

of the wall surface, or even by charging the wall electrically. Among the

measures listed above, the coolant films not only serve to lower the level

of convective heat transfer, but offer a further advantage in their reduction

of radiation to the wall. Finally, we mention the classical, and, in them-

selves, no longer adequate measures taken to cool the firewaLl, in which

the heat already transferred from the gas to the wall is conducted through

it to systems in which gaseous or liquid coolants circuiate.

As concerns transfers of heat by radiation--processes which may, in

principle_ also be regarded as convective transfers by photons, in analogy

to the convective heat transfers effected by particles hsving appreciable

mass-it is impossible to make any explicit statement of the effect of non-

equilibrium processes. On the one side, it is probable that at equal translation

temperatures in the chamber, complete equilibrium adjustment in the working

gas would deliver the lowest levels of heat transfer, since the pre-equilibrium

period--as will be pointed out later--is almost invariabl-.r characterized by over-

population of the degrees of freedom for electron excitation and excessive

ionization. On the other side, the type of chemoluminescent emission which

arises--in each case, on a no more than local scale--in confined spaces within

the chamber is almost invariably absorbed to a large extent by the surrounding

gas, and its intensity maximum displaced in the direction of longer wavelengths,

before it reaches the solid firewalls of the chamber.

To provide a quantitative picture of the relationshps between the degree

of equilibrium adjustment and the attainable exhaust w:locity in terms of

specific examples, the chamber enthalpy h0 and the av_.ilable kinetic energies

wn_/Zg as determined for hydrogen and waters respect.vely, by the diff,-:....

in gas enthalpies (h0- hm) between the chamber and th.-_ nozzle oper, i.-,t_,_

entered in Figs. lO and II as functions of the chamber temperature clue to
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Fig. 10. Heating enthalpies h0 of hydrogen and

the kinetic energies _0 - hrr_ available therefrom
by expansion from 1 atmosphere to 0.01 atmos-

phere in the nozzle, as functions of chamber tem-

perature To and the degree of adjustment to equi-

librium in the various degrees of freedom of

energy during heating and expansion (Cases I

through IV).

translational energy, for four hypothetical cases of equilibrium adaptation

in which definite flow conditions are assumed--namely, a chamber pressure

of one atmosphere and an expansion ratio of 100: 1.

Of these, Case I represents the curve for immediate adjustment at equi-

librium within the translational degrees of freedom in the chamber and the

nozzle, and complete fixation of all other degrees of freedom in the condition

in which they existed in the chamber before heating--e.g., at room tempera-

ture.
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Fig. 11. Heating enthalpies h 0 of water vapor

and the kinetic energies_h0 - hr_ available there-
from by expansion from 1 atmosphere to 0.01
atmosphere in the nozzle, as functions of cham-
ber temperature T O and the degree of adjustment

to equilibrium in the various degrees of freedom

of energy during heating and expansion (Cases I

through IV).

Case H signifies immediate equilibrium adjustment in translation and

rotation, and complete fixation of all other degrees of Ireedom.

Case Ill signifies immediate adjustment at equilibrium in the transla-

tional and in all internal degrees of freedom, and complete fixation of the

_._ __:cs of dissociation and ionization.

Finally, Case IV represents immediate equilibriun_ adjustment of all

dc_rees of freedom, including the chemical reactions, in the chamber and

"_,. _ozzle.
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In Cases I through IlI, flow behavior is a function only of the tempera-

ture of the chamber and the pressure drop in the nozzle; in Case IV it is

also affected by the absolute chamber pressure. In the calculation of the

chemical enthalpy components for Case IV, the heat of formation of H z at

0°K was set equal to zero for the working gas hydrogen (Fig. 10); in con-

sidering water vapor {Fig. 11) the heat of formation of gaseous HzO was

used as the corresponding base value.

As would be expected, the chamber enthalpy h 0 at a given chamber tem-

perature increases with the extent to which the various degrees of freedom

of molecular energy are permitted to attain their saturation values for this

temperature--i.e., with closer approximation of the ideal equilibrium con-

dition achieved in moving from Case I to Case IV. The same applies for

the enthalpy difference(h 0 - hm_ , which increases on the one hand with the

potential energy 1% of the chamber state and on the other with the extent to

which the combustion gas in the nozzle adapts itself to the lowered tempera-

tures and pressures by damping of all of its degrees of freedom and by release

of thermochemical energy. Strictly speaking, the enthalpies and enthalpy dif-

ferences of Case I, referred to unit mass, differ only in a sense determined

by the inverse ratio of their molecular weights. As an effect of higher spe-

cific heats and the higher degree of dissociation of water, this difference

decreases progressively--but, on the whole, o'nly slightly--in Cases I_ III,

and IV.

If the degree of adjustment to equilibrium is not the same in the cham-

ber and the nozzle, as it was in the four cases just discussed, but differs

between these two areasme,g., if in the chamber only translations and

rotations responded immediately to excitation and all other degrees of

freedom were fixed, while in the nozzle

a) only the translational energies adapted immediately to the declining

temperatures and pressures, with fixation of all other degrees of freedom in

the states which prevailed in the chamber, or

b) not only translations and rotations, but the molecular vibrations as

well effected immediate equilibrium adjustment. Values lower than those of

Case II would be obtained for the available kinetic energy (he - h m) in either

case. Specifical].y, the rotational component of the specific heats between

To and T m would remain unconverted into kinetic energy in Case IIa, while
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in Case Lib the vibrational component of the specific heat between the low

temperature prevailing prior to the warming-up of the chamber and the

nozzle-exit temperature T m would be lost as kinetic energy; exact cal-

culation for these instances is further complicated by the fact that the exit

temperature T m at equal chamber temperatures To and pressure gradients

P0/Pm is different in all three cases, and highest in Case II, as a reflection

of the different quasi-K-values which prevail during expansion [2, 16, 20].

In terms of this highly schematic treatment of the effect of delays in

the adjustment to overall energy equilibrium or of the fixation of individual

degrees of freedom upon the exhaust velocities attainable with a given gas

at a given chamber temperature, let us now attempt to form an estimate of

the extent and nature of deviations from energy equilibrium which must

actually be reckoned with in the energization of a working medium. We

may currently consider three fundamentally different techniques for heat-

ing such gases; these are distinguished in one respect by tie temperature

ranges in which they deliver the energy carrier.

I. In cases where an application of thermal energy between 10 z and

103"K is sufficient to heat the working medium, consideration is given to

the use of fission reactors of types already proven in use [22]. Since in

this event the necessary energy is supplied to the working gas by means of

heat exchangers, the finaltemperature of the rocket cham3er will be strictly limited

by the temperature tolerance of the solid reactor components and the mass of the

energy carrier mixed with the working gas willbe zero--i.e., the mass ratio

between the energy carrier and the working medium in the chamber and in

the expansion nozzle will become K-_ 0. Furthermore, full energy equili-

brium will probably obtain in the chamber for this heating procedure--and0

due to the low final temperatures and low flow velocities, qlite possibly in

the exhaust nozzle as well. There is no prospect of application of this

method for high-performance engines, since the weight of the unit--including

reactor, shielding, and pumping and injection systems becomes disproportion-

ately great, while the exhaust velocities developed by the .'ystem remain so low

that no advantage appears over and above those offered by direct-propulsion

systems such as those of the thermochemical, liquid-fuele5 vehicles.

Z. Where energy carriers with temperatures between approximately

5 • 10 _ and 5 • 104 "K are adequate, a working medium may be heated by means

of electric arcs. In this case, the energizing of the medium is not brought
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about directly by nuclear energy, but through an electrical potential whic _

may, of course, owe its existence to exploitation of nuclear energy, as wou_t

be the case if beta-decay batteries were employed after Kaeppler's proposal

[6,

The first working example of an indirect-propulsion rocket using water

as its working gas and electric arcs as its energy sources was constructed

on a laboratory scale by Peters [9] in 1954. In his experiments, a jet of

water flowing as a spiral stream through a length of tubing formed a vortical

canal a few millimeters in diameter; the axis of this canal contained the

electric arc. The surrounding sheath of water is partially vaporized by the

energy of the arc, and may be heated to plasma temperatures as high as

50,000°K in the axis of the discharge. The plasma, to which the vaporized

water has imparted a pressure excess, flows through the anodeuwhich is

designed as a Laval nozzle--and into the environment with an exit velocity

determined by the expansion ratio and the temperature of the arc. In this

arrangement the water serves simultaneously as a stabilizer for the arc,

as a cooling jacket, and as the working gas. The temperature gradient from

the axis to the skirt of the arc is extraordinarily steep, being of the order

of 4" 104deg/mm. As a result of the gradual heating of the working medium

from the liquid state, there is extensive energy equilibrium in the plasma

within the chamber. To the best of the writer's knowledge, the significance

of the part played by relaxation in the expansion nozzle has not yet been

investigated. A further peculiarity of this experimental design is the fact that

the electrical capacity of the arc, which first determines the temperature at-

tained in a given vortical canal, determines the quantity of water vaporized

per unit time and hence the plasma pressure built up in the chamber at the

same stroke, so that of the three critical operating variables of the rocket--

chamber temperature, chamber pressure, and mass outputmonly one may

be selected at will in each case. The Peters electric-arc rocket is certainly

not the only possible solution to the problem of heating the working gas by

means of electrical discharges. It is conceivable that the reciprocal effect

between plasmas and their own or external magnetic fields might be exploited

as a means of localizing the hot plasmas in the axis of the chamber, out of

contact with the firewalls. Nor is it absolutely necessary that the arc canal

,and the heating chamber be identical entities. The gas chamber and the System

which generates a corpuscular-ray beam might communicate, after Gr(i-n,
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Schopper and Schumacher [4], via a series of "dynamic pressure stages _

which permit corpuscular rays which have been produced, accelerated,

and optically beamed in a vacuum to be channeled through free openings

several millimeters in diameter into a gas chamber operating at atmos-

pheric pressure. This method will permit any desired combination of work-

ing gas and electrically-charged energy carrier if the technical refinement

of the pressure-stage system by the Heraeus organization is satisfactorily

concluded--if this is not already the case. As alternatives to stationary

electric arcs, flow discharges, cathode-ray tubes, electron guns, or the

so-caUed "plasma pistols _ [1] may be used as the corpuscular-ray gen-

erators in systems of this type.

A greater or lesser degree of deviation from overall energy equilio

brium in the chamber is to be expected in applications of these procedures;

in previous experience , this has usually asserted its_;lf in overpopulation

of electronic energy levels and ionizations. As a general rule, the departure

of the chamber gas from equilibrium is the more pronounced as gas-kinetic

collisions between the energy carrier and the working gas during their

period in the chamber become less frequent, and as the discrepancy between

their respective energies increases.

3. The chamber gas mixtures resulting from the application of fusion

reactor_ operating on light-element nuclei as energy sources for the heating

of working gases will probably be correspondingly far removed from equi-

librium of energy. Here, the object would be to mix the products of nuclear-

chemical fusion reactions, such as neutrons, a-particles, protons, high°

speed electrons, etc., directly into the working gas in the chamber. Since

the "temperatures _ of the energy carriers in this still highly _futuristic"

procedure are of the order of 101°'K, the mixture ratio K in which energy

carrier and working gas are combined might be very low indeed, if it may

be assumed that the elementary particles actually ex_end their energy within

the volume of the working gas. Under certain circumstances, this condition

could lead to extremely large figures for minimum permissible chamber

displacement, due to the low effective cross-sections of most working gases

compared to those of violently accelerated subatomic particles, and those of

neutrons in particular.

An additional technical difficulty to be expected will arise, according to

S_nger [14], from the circumstance that the maintenance of a steady "flame"
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with light-nucleus fusion reactions is possible only at such high chamber

pressures and large chamber dimensions that the nuclear-fusion reactor

itself may be conceived of only as a stationary, earthbound installation.

This superficial digression into the technology of the rocket with in-

direct propulsion system--the purpose of which was to shed light on the

prospects for equilibrium adjustment in the jet gases of these motors--

yields the conclusion that virtually total equilibrium may actually be

achieved in the chamber and the nozzle with a number of heating techniques,

but that the deviations from equilibrium which arise in the chamber upon

application of other heating techniques take the form not only of underpopu-

lation of certain degrees of freedom with respect to the levels attained in

the ideal equilibrium condition--such as were considered alone in the

schematized examples given in Figs. I0 and I l--but also of an initial over-

population, especially of electronic energy levels and ionization; of these,

the electron excitation decays rather rapidly to its final level, while the

recombination which reverses primary ionization may be subject to appre-

ciable delay. For this reason, the effect of this primary, pre-equilibriurn

ionization on the attainable exhaust-velocity values will be estimated on the

basis of the extreme assumption that this ionization is not reversed in the

chamber to any degree whatsoever. If we assume schematically that

I. Ionization of particles of species (A) is effected only by collisions

with particles of any one species (i) whose relative velocity

Vr = _v_ + vi2 - 2VAV i cos cp

together with their "reduced" mass

(8)

mr : mA • mi/(m A + mi) (9)

imparts to them a so-called "relative collision energy" mrV_/Z greater

than or equal to the required energy of ionization Eion;

Z. further, that the frequency of rev£rsal of such ionization processes

is so low as to be negligible;

3. that stepwise ionization does not constitute a contribution to the

primary ionization, but exerts its influence only in later stages of the ad-

]u_stment to equilibrium, and
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4. that no significant losses of energy by radiation or any other

Process occur, that the ratio dZ of ionizing collisions to the total number Z

of all collisions occurring in a gas of uniform temperature T having equili-

brium distribution in the translational degree of freedom will become

dZ/Z= (Ci°n + i) • e-£i°n/kT (I0)
\ kT

This relationship may not be taken at face value in computation of the

primary ionization of a working gas, since working gas and energy carrier

possess widely divergent temperatures at the instant at which mixing occurs.

Ionization begins in this pre-equilibriurn state of the entire system, and is

probably initiated by the bombardment of the mcold' working gas by foreign

particles having either homogeneo_is high velocities v E or random transla-

tion velocities corresponding to an equilibrium ternperacure

2mE
TE :_-f. hE (ll)

any of these particles which have kinetic energies between i • E and (i + l)d

is capable of effecting ionization.

In cases where Maxwell velocity distributions of this type apply to the

energy carrier, the ratio of the number of particles having a kinetic energy

equal to or greater than _ to the total number of particles is

_°° _E-2nE _ K_EIV£ ,i/2e_6/kTE + _xOO=/E__E e_X2d_il.

If the system velocity v E or the most probable molecula.- velocity

(lZ)

cE :/2k •

corresponding to T E is so high relative to the most probable velocity c A

of the unheated working medium that the latter may be neglected as a con-

tribution to the relative collision velocity Vr,
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• • e + f ¢e-X 
(11o)

out of n E bombarding projectile particles will, in the case of Maxwell veloc-

ity distribution, each effect one ionization among the molecules of the work-

ing gas, assuming that the density, depth, and effective cross-section of the

gas are sufficiently great so that all n E projectiles make the necessary number

of encounters in this passage through it--i.e., transfer their kinetic energy

in full to the gas. In relationships (12) and (14),

6 = eion(m E + mA)/m A
(15)

and i denotes successive integers between I and co. The numerical values for

nE*/n E are plotted as percentages in Fig. 12, as functions of E/kT, together

with a broken curve which represents

Thus if the indidence of projectile particles upon n A molecules of working

gas is denoted by nlr., the total ionization energy consumed in the reciprocal

permeation is

= nE " mA e • flk_l (16)nE* " ¢ion mE +------_A"

Of the total enthalpy nEmEh E supplied to the working gas, therefore, there

remains only a quantity

nEm E (912)k(T E - T0)- Cio n " nE*In E

ho(A) = nAmA mE

= z • - %(z) _
mA+m E

(17)
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Fig. 12. Percentages of energy carrier s effect-

ing ionization and of ionization events possible

in a working medium of sufficient densty and

depth, as related to the function E/k TE..-at

thermal equilibrium in the energy carrier--

corresponding to a temperature T E and a min-

imum kinetic energy c for ionization.

per unit volume of working gas to be used in heating titxe gas- and projectile

particles to the chamber temperature T 0.

In the case of homogeneous velocity v E of the n E projectile particles,

three alternatives are presented as regards the exten_ of the primary ioniza-

tion-

1. if v E < CZ¢/mE, there is n___ooprimary ionization;
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Z. if_Z_/m E ,< v E < 2_/mE, each of the n E particles effects on__e

ionization in the working gas;

3. ifv E > Z4¢/m E, several successive working-gas particles may be

ionized by each projectile particle, as is often actuall 7 the case.

In all three cases, Equation (17) takes the form

hO(A):K -h(E ) -_¥mE. i •
(18)

wherei denotes the first whole number below vE2mE/2 c.

Since it is naturally impossible for the number of ionizations to exceed

the total number of working-gas molecules present, Equation (17) applies

only in the range _(E/(kTE))_< nA/n E , and Equation (18) only in the range

i _ nA/n E .

At a certain given mass-specific energy

AvE2

eE = hE + 2

of the energy carrier, and for a definite desired chamber enthalpy h0, there

will, consequently, be a maximal value for the mixed-mass ratio K, as given

by the relationship

_x --%(A) + CioJmA (19)
eE - _O(E)

this may in no case be exceeded.

If it is assumed as a limiting case of possible deviation from equilibrium,

that primary ionization is not reversible--either during the concurrent ther-

mal energization of the working gas in the chamber by lower-velocity colli-

sions or during expansion of the heated gas in its passage through the nozzle--

the results, although an additional part of the chamber enthalpy h a will be

required to achieve a given chamber temperature T o and the convective

transfer of heat will increase as a result of recombinations of ions at the

firewalls, wiU not include a change in the kinetic energy available at the
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nozzle exit at To, since only the absolute values and not the enthalpy dif-

ference (h 0 - hn_ will be affected. One technically interesting case would be

that in which the primary energy of ionization is fixed in the chamber to

the greatest possible degree, while the nozzle processes were influenced

in such a way that extensive recombination occurred there, so that a more

or less large fraction of the primary ionization energy became convertible

into additional kinetic energy and exhaust velocities commensurately higher

than those prevailing at the same gas temperature in the case of complete

equilibrium.

For a given energy carrier and a given working gas, therefore, we may

use the foregoing equations in calculation of numerical values for the primary

ionization energy

and the mass-mixture ratio K= nEmElnAm A as functiens of the chamber

temperature as defined by the translational energy and of the translational

temperature or system velocity of the energy carrier. The mass-mixture

ratios and "fixated" primary ionizations are thus presented in Figs. 13 and

14 as functions of the residual chamber enthalpies for aU possible combi-

nations of hydrogen or water as the working gas with electrons or alpha-

particles as energy carriers. This presentation incorporates the assump-

tion that the energy carriers are subject to thermal velocity distributions

corresponding to temperatures between 25,000 and 125,(]00°K, and that

their energy level is retained in full, with uniform distribution, in the

mixture of working gas and energy carrier. For the equ librium situation

in the chamber, two hypothetical limiting cases were considered: namely,

those in which the estimated primary ionization energy _ccording to Equa-

tion (16) is completely fixated and the residual energy o_ the energy carrier

after subtraction of this component is transferred eithe_ in full to the

translational degree of freedom of the mixture (translat onal equilibrium)

or to all degrees of freedom of the mixture ('complete" equilibrium) with

uniform distribution in each case corresponding to the equilibrium condi-

tion within the degrees of freedom considered.

The diagrams show that in temperature ranges in which the working

gas at complete equilibrium is largely dissociated, the additional heat
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required to elevate all internal and chemical degrees of freedom to the

translational temperature TO necessitates a mixed-mass ratio of energy

carrier to working gas about one order of magnitude greater than would

otherwise be adequate. Any variation in the equilibrium adaptation of the

chamber gas at constant chamber temperatures affects the level of the pri-

mary ionization energy in exact proportion to the corresponding chamber

enthalpies, as expressed by the relationship

eI _ (nE_/nE) • eiO n
(zo)

ho(A) hE - ho(E) - (nE*/nE) " £ion
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Appreciable influence is exerted by the ratio mA/m E of the mass of the

working-gas molecule to that of the energy carrier upcn the values of the

primary ionization energy and the mass-mixture ratio. The numerical values

for TE = IZ5,000°K and To = 10,000_K are given in Table 6 for the cases

treated in Figs. 13 and 14.

Itwill be seen at once that Z increases sharply w_th increasing mass

ratios, and eI with decreasing mass ratios.

Given the molecular-mass ratio mA/m E and the znass-mixture ratio K,

the number of energy-carrierparticles required per _,orking-gas molecule

may be computed by the formula
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Ratio of molecular masses of

working gas and energy
carrier

mHzo/m e- = 3.283.104

mHz/m e- = 3.674- l0 s

mHzo/m a = 4.501' I0 °

mHz/m a = 5.037- 10 -1

eI/ho (A)

0.74

0.61

0.45

0.13

K (for
translational

equilibrium)

4.6.10 "s

3.8. 10 -s

2.8 • 10 -z

1.8. 10 -I

K {for

complete

equilibrium)

3.7. I0 -s

1.7. 10 -4

2.2. I0 -x

7.7- 10 -l

nE = K • m--_A
nA mE {Zl)

Numerical evaluation--the results of which ranged between 10 +I and 10 -z in

the examples under consideration--showed that nE/n A is predominantly a

function of the ratio of enthalpies hE/h0, and much less so of the molecular

mass ratio. A further indication was that the requirement that ng* _< nA,

which may become critical at high values of TE, To, mA/m E and small

values of Eion--e g., at T E = 125,000°K, T0 _ 10,000"K, and electron-bom-

bardment of water vapor--is satisfied over the entire range covered by the

diagrams. In the low-temperature range--i.e., in bombardment of hydrogen

,gas by alpha-particles with temperatures up to and beyond 75,000°K or

similar bombardment of water vapor with temperatures up to and exceeding

25,000°K, the energies supplied are no longer sufficient to produce any pri-

mary ionization whatever.

The number of energy-carrier particles to be injected into the working

gas per unit time may be estimated, with the aid of the basic rocket equation

P-dr =w.d {M +m), as

K • P {zz}
dnE/dt - (K + l)gmEw

a relationship which gives figures between 10 zz and 10 z7 per second for the

cases under consideration, assuming a rocket producing a 10-ton thrust and
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an exhaust velocity of 10,000 m/sec, or a constant mass output of 1 kg/sec.

Plasma pistols capable of projecting l0 Is to 10 la ions per pulse and operat-

ing with a pulse duration of 10 -7 sec would only approach the lower limit of

this requirement, even assuming alternating, uninterrupted operation of

more than one unit. Lower energy-carrier outputs would meet the require-

ments of this specified rocket only at higher energy-carrier temperatures

and consequently lower values for K. The high-speed electron beam pro-

duced in Gr(in's experiments delivered only 3" 10 Is electrons per second,

although these carried an energy of 50 keV corresponding to a uniform par-

ticle velocity v E of 1.3" 10Bm/sec or a particle temperature T E = 2.3 • 10S'K;

ion beams generated in the same study possessed particle energies up to

600 keV, corresponding to v E = 1.1 • 107 m/sec or TE:=2.8" 109"K.

Finally, if the nE/n A values are known, the average molecular weight

of the jet gas may be calculated--taking the masses of the injected energy

carriers into account, since, as implied in Section III, the differences be-

tween these and the average molecular weights of the pure working gases

may well necessitate a correction of the exhaust velocities arrived at in

Section II. The relationship

or

blF(k)/MA(k) : (K + l)/(nE/n A + i)

(23)

(23a)

applies for the average molecular weight MF(k) of the cold working gas or

the energized working gas with fixed chemical equilibrium; this gives the

following values for the mixtures listed in Table 6:

Water and electrons MF(k)/MA(k)---- 0.868,

Hydrogen and electrons _- 0.877,

Water and alpha-particles _- 0.913,

Hydrogen and alpha-particles _- 1.08.

Similarly, for the average molecular weight M F of the heated gas with equi-
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libriurn distribution of residual enthalpy over all degrees of freedom, we

have the relationship

(K+ I)MA(k)/'MA

MF MA : nE/n A + MA(k)/M A
(Z4)

This may be rendered equivalent to Equation (5), if we substitute K/(K + 1)

for h0/h E in (5)--an operation permissible only when primary ionization is

negligibly slight. At a chamber temperature of 10,000°K and a chamber

pressure of 10 -3 atmospheres, for example, the ratio MA(k)/M A for hydrogen

would become 3.026, and that for water 4.678. These figures, used with the

corresponding values for K in Equation (£4), would yield for the same mix-

tures:

Water and electrons MF/M A : 0.795,

Hydrogen and electrons = 0.832,

Water and alpha-particles = 1.004,

Hydrogen and alpha-particles = 1.566.

At lower temperatures T E and correspondingly greater numbers of

extremely light energy carriers, the ratio MF/M A may assume still lower

values. Within the range represented in Figs. 13 and 14 they attain their

minimum o£ 0.459 at T E _-Z5,000*K and To----10,000°K in the bombardment

of water vapor with electrons.

The hypothetical limiting cases and quantitative examples discussed

here can naturally give only an approximate picture of the problems which

arise in consideration of the physical mechanism involved in the mixing of
!

the working gas with the energy carrier and the finite periods of time for

general adjustment of equilibrium after mixing, and which may, under

certain circumstances, result in exchanges of "desirability ratings" among

the working gases studied. Since it was consistently assumed for the pur-

poses o_ the present discussion that the working-gas volume was sufficiently

large to permit the energy carrier to dissipate its entire excess of energy

w ithin this volume, final judgments must be deferred until more exact

studies of small chamber volumes have dealt with the effects of the effective
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cross-section and decelerating capacity of the gas, with the specific ioniza-

tion capacity of the projectile particles, etc.--aU effects which depend not only

on the natures of the working gas and energy carrier, but on their energy

states as well. Finally, an investigation into the possibility of manipulating

the recombination rate of primary ionizations might yield interesting

results--e g., indicate the extent to which the nature of the energy carrier

affects this process, especially in cases involving electron bombardment.

Translated under NASA Contract by

Consultants Custom Translations, Inc.,

New York, New York

LITERATURE REFERENCES

[1] W. H. Bostick, Experimental study of ionized matter projected

across a magnetic field, Physic. Rev., 104, p. 292, (1954).

[2] I. Bredt, "Fundamentals of spectroscopic procedures for measure-

ment of temperature and velocity in extremely hot combustion gases flowing

at very high speeds," Z. Elektrochem., Vol. 56, p. 71, (1952).

[3] I. Bredt, "Hydrogen at high temperatures," Z. Naturforsch., Vol.

6a, p. 103, (1951).

[4] A. E. Gr'_a_, E. Schopper and B. Schumacher, "Application of strong

corpuscular rays in the excitation of gases," Z. angew. Math. Physik, Vol. 6,

p. 198, (1954).

[5] H. J. Kaeppeler, "On the problem of cooling rockets powered by

means of thermonuclear reactions," In Probleme der Weltraumforschung

(Problems of Outer-Space l_esearch), Biel-Bienne, Laubscher & Cie.,

(1954).

[6] H. J. Kaeppeler, "Gontributions to the theory of nuclear-energy

applications in jet-propulsion systems." [In press]

[7] L. v. M_ffling, "Wandrekombinationen freier _%tome und Radikale

(Firewall recombinations of free atoms and radicals)," Handbuch der Kata-

lyse (Handbook of Catalysis), (Springer, Vienna, 1943).

[8] H. Oberth, Wege zur Raumschifffahrt (Ways to Space Travel),

(R. Oldenbourg, Munich, 19Z9).

[9] T. Peters," Supersonic plasma jets," Naturwi_s., Vol. 41, p. 571,

(1954).

[10] F. D. Rossini et al, Selected Values of Chemical Thermodynamic

Properties. Circular Nat. Bur. Standards, 500. (Washington, D.C.: United

States Government Printing Office, 1952).



51

[II] E. Sanger,"New Developments in Rocketry," Der Flug, Special

Issue No. 1, Vienna, (1934); NACA, Tech. Mere. I012, (Washington, 1942).

[12] E. Sanger, "The theory of mixture preparation for continuous-

combustion applications," Brennstoff-Chem., Vol. 32, nos. I/Z and 3/4,

(1951).

[13] E. S_nger, "The kinetic theory of convective heat transfer and

fluid friction at reflecting surfaces," Z. Naturforsch., Vol. 9a, p. 410,

(1954).

[14] E. S_nger, "Continuous nuclear reactions in rockets," Astronaut.

Acta, Vol. I, p. 61, (1955); NACA, Tech. Mere. 1405, (Washington, 1957}.

[15] E. S_nger, Zur Strahiungsphysik der Photonen-Strahlantriebe und

Waffenstrahien (The radiation physics of photon-jet propulsion systems and

military jets}, R. Oldenbourg, Munich, (1957).

[16] E. S_mger and I. S/inger-Bredt, 0ber einen Raketenantrieb ffir Fern-

bomber (A rocket-propulsion system for long-range bombers}, Dtsch.

Luftfahrt-Forsch. UM 3538, Ainring, (1944), p. 47ff, or Santa Barbara,

California (Robert Cornog}, (1952), or E. v. Olnhausen, (Stuttgart, 1957).

[17] E. S_nger and I. S_nger-Bredt, "International Symposium on Ram-

jets and Rockets, (1956). Mitt Forsch.-Inst. Physik d. Strahlantriebe e. V.,

No. 60 Verlag Flugtechnik, E. v. Olnhausen, (Stuttgart, 1956).

[18] L S_tnger-BredL "The thermodynamics of working gases for use

in atomic-powered rockets." [Paper delivered before the 4th IAF Congress

at Zurich in 1953] In Probleme der Weltraurnforschung (Problems of Outer

Space Research), Laubscher & Cie. , Biel-Bienne, (1954); Z. Naturforsch.,

Vol. 8a, p. 796, (1953).

[19] I. S_nger-Bredt, "General discussion of optimal quantities for

multiple-stage rockets in vertical ascent in a gravitational field, VDI-

Forschungsh. No. 437, pp. 26-39, (Deutscher Ingenieur-Verlag, Diisseldorf,

1953).

[20] I. S/_nger-Bredt, "The role of the adiabatic exponent in chemically

variable gas mixtures, Z. angew, Math. Physik, Vol. 6, p. 35, (1955).

[21] I. S_nger-Bredt, H. 5. Kaeppeler, and G. Baumann, Enthalpy-en-

tropy tables for working gases. Part i: Hydrogen-oxygen mixtures at equi-

librium in the temperature range between 0° and 10,000"K and the pressure

range between 10 -5 and I0 +I atmospheres. [In press]

[22] L. R. Shepherd and A. V. Cleaver, The Atomic Rocket, J. Brit.

Interplan. Soc.° 7, p. 185, 234, (1948}; 8, 23, 59, (1949).

NASA - Langley Field, Va.




